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The Lagrangian density of standard relativistic mean-field (RMF) models with density-dependent
meson-nucleon coupling vertices is modified by introducing couplings of the meson fields to derivative
nucleon densities. As a consequence, the nucleon self energies, that describe the effective in-medium
interaction, become momentum dependent. In this approach it is possible to increase the effective
(Landau) mass of the nucleons, that is related to the density of states at the Fermi energy, as
compared to conventional relativistic models. At the same time the relativistic effective (Dirac) mass
is kept small in order to obtain a realistic strength of the spin-orbit interaction. Additionally, the
empirical Schro¨dinger-equivalent central optical potential from Dirac phenomenology is reasonably
well described. A parametrization of the model is obtained by a fit to properties of doubly magic
atomic nuclei. Results for symmetric nuclear matter, neutron matter and finite nuclei are discussed.
PACS numbers: 21.60.-n, 21.30.Fe, 21.65.+f, 21.10.-k
I. INTRODUCTION
The relativistic description of nuclear matter and
atomic nuclei advanced considerably in recent years by
improving the underlying density functional [1, 2, 3, 4].
Originally, these nuclear systems were treated in the lan-
guage of a relativistic quantum field theory (Quantum
Hadrodynamics) based on a relativistic Lagrangian den-
sity that contains nucleons and mesons as degrees of free-
dom. In recent years, the viewpoint has changed and the
approach is considered as an effective field theory, see e.g.
[5]. The model can be seen as a special variant of density
functional theory [6] and a connection to the underlying
theory of Quantum Chromodynamics was established [7].
In principle, it is possible to describe the ground state
of nuclei exactly due to the Hohenberg-Kohn theorem [8]
as soon as the correct functional of the local baryon den-
sity is known. Unfortunately, there is no explicit scheme
for constructing such a functional. Nuclear theory is con-
cerned to develop a sufficiently accurate approximation
guided by experience and the physical knowledge of the
system. Instead of using functionals based on the den-
sity alone, one can start from a functional that contains
additional densities, e.g. the kinetic energy density. This
approach automatically leads to the Kohn-Sham equa-
tions for the nucleons [9], i.e. a Schro¨dinger-type equation
in the non-relativistic case and a Dirac-type equation in
the relativistic case, respectively. In these equations the
effective interaction is expressed by potentials or by self-
energies, respectively, that depend non-trivially on the
nucleon fields.
There is a big advantage of the Kohn-Sham approach
since certain physical effects are more easily incorporated
into the description. Functionals that are solely based
on the density can be compared to a description of fi-
nite nuclei in a Thomas-Fermi approximation where no
shell effects appear. Considering also the kinetic density
in the functional, corresponding to a Hartree or Hartree-
Fock description, shell effects emerge automatically. In
non-relativistic approaches a spin current density is in-
cluded in the functional to generate the large spin-orbit
splittings observed in finite nuclei. These three densi-
ties in the non-relativistic framework are replaced by the
baryon (or vector) density, the kinetic density and the
scalar density in relativistic approaches. Pairing effects
can be included by introducing the corresponding pairing
densities. Additionally, in case of neutron-proton asym-
metric systems, one has to deal with both isoscalar and
isovector versions of these quantities.
A general functional can be constructed in terms of
the considered densities and their derivatives. Due to
the Lorentz structure and the isospin degree of freedom
there is a large variety of possible contributions that can
appear in a relativistic density functional and it is not
clear what possible densities and combinations are really
relevant in the description. The density functional can be
expanded in powers of the nucleon field, the meson fields,
and their derivatives. The importance of the individual
contributions can be estimated in a systematic approach
that is guided by the principles of naive dimensional anal-
ysis and of the naturalness of the appearing coupling con-
stants [5, 10, 11]. It is also possible to compare with more
fundamental approaches based on QCD and chiral sym-
metry. For large densities, however, this approach might
be problematic due to the resulting polynomial depen-
dence of the functional on the Fermi momentum or the
density. Well-behaved rational approximations seem to
be a promising alternative. Extrapolations to high densi-
ties are necessary in the application of the model, e.g. in
the description of heavy-ion collisions or neutron stars.
The usual starting point in relativistic models is a cer-
tain Lagrangian density instead of an equivalent energy
functional. This Lagrangian can be treated in differ-
ent approximations. For a practical application to nu-
clear matter and finite nuclei one usually employs the
mean-field approximation. In this approach the nucleon
2self-energies in nucler matter become simple functions of
various nucleon densities. In principle, one can go be-
yond the mean-field approximation in a quantum field
theoretical treatment by a systematic diagrammatic ex-
pansion. In this case, the nucleon self-energies will have
a much more complicated structure that takes the non-
trivial effects of the nuclear medium into account. In
Dirac Brueckner calculations of nuclear matter based on
a given nucleon-nucleon interaction it is possible to ex-
tract the corresponding nucleon self energies, see, e.g.,
[12, 13, 14, 15, 16]. They show a dependence on both
the density of the nuclear medium and the energy and
momentum of the nucleon. An alternative approach to
these “ab-initio” strategies for the nuclear many-body
problem is a phenomenological treatment of the problem
where the mean-field approximation is retained with its
virtues in applying the model self-consistently to nuclear
matter and finite nuclei with reasonable effort. However,
the basic Lagrangian has to be modified for a quantita-
tive description of the various properties and it becomes
mandatory to introduce new terms or to modify existing
contributions in the Lagrangian. The parameters of the
model have to be fitted to properties of nuclear matter
and atomic nuclei. They cannot be derived in a simple
manner from a more basic description. In this work the
phenomenological strategy is followed since it is known
from experience that this approach is very successful. A
selection of the relevant terms and of a more generalized
functional form that is guided by other approaches, e.g.
Dirac Brueckner calculations, and by physical intuition
may lead to reasonable results.
In relativistic approaches to nuclear structure it is com-
mon to introduce meson fields as explicit degrees of free-
dom in the Lagrangian or density functional. In the mod-
ern point of view, they have to be seen as auxiliary fields
that, a priori, have not to be identified with the corre-
sponding mesons in free space although they share the
same Lorentz and isospin structure. In principle, these
fields can be completely removed from the theory as, e.g.,
in the relativistic point-coupling models [5, 10, 17, 18].
In the following, however, we will keep these meson fields
in the model for convenience.
A quantitative description of nuclear systems was
achieved by considering an explicit medium dependence
of the effective interaction. For that purpose non-linear
self-interactions of the mesons were introduced and the
corresponding coupling constants were fitted to prop-
erties of nuclear matter and finite nuclei mostly close
to the valley of stability, see e.g. [19, 20, 21, 22, 23,
24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34]. At large
densities, however, this approach is not really reliable
due to the polynomial dependence on the fields and in-
stabilities can occur. Alternatively, a density depen-
dence of the meson-nucleon couplings was considered
[15, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43]. In Ref. [40] it
has been pointed out that, in general, the couplings have
to be treated as functionals of the nucleon fields leading
to rearrangement contributions to the self-energies that
are necessary for the thermodynamical consistency of the
model. It is possible to choose functional forms (e.g.
well-behaved rational functions) that are motivated by
results of Dirac-Brueckner calculations of nuclear matter
[15, 41]. This class of models seems to be the more flex-
ible approach with proper high density behavior. Origi-
nally, the medium dependence was introduced only in the
isoscalar part of the interaction. In recent years it was
realized that it is also necessary to allow for a density
dependence in the isovector channel in order to obtain
a reasonable description of the neutron skin thickness of
stable nuclei, the neutron matter equation of state and
a reliable extrapolation to exotic nuclei [44, 45]. In all
these standard relativistic approaches the self-energies in
the Dirac equation for the nucleons depend nontrivially
on the various densities. However, they are the same for
all protons and neutrons, respectively, independent of the
single-particle state.
Despite the success of the relativistic approach there
are still some deficiencies that have to be dealt with in
further extensions of the underlying density functional.
The size of the scalar (Σ) and vector (Σµ) self-energies
in the interior of a finite nucleus is well determined by
requiring that the corresponding central and spin-orbit
potentials have the correct strength. (For alternative
definitions of the non-relativistic potential see, e.g., Ref.
[48].) They are derived in a nonrelativistic reduction of
the Dirac equation. The Schro¨dinger-equivalent central
potential
Vcen =
E
m
Σ0 − Σ + 1
2m
(
Σ2 − Σ20
)
(1)
and the spin-orbit potential
Vso =
d
dr (Σ0 +Σ)
E +m− Σ0 − Σ
~σ · ~L
2mr
(2)
of a nucleon with restmassm and energy E in a spherical
nucleus are determined by the sum and the difference of
the time component of the vector self-energy Σ0 and the
scalar self-energy Σ, fixing both quantities. Correspond-
ingly, in symmetric nuclear matter at saturation density
̺sat = 2k
3
F /(3π
2) with Fermi momentum pF = h¯kF the
relativistic effective (Dirac) mass
m∗ = m− Σ (3)
that is independent of the nucleon momentum and the
chemical potential
µ = Σ0 +
√
(m∗)2 + p2F (4)
are well determined.
In conventional RMF models the self-energies are in-
dependent of the nucleon energy and momentum but
they exhibit a strong density dependence. However, from
Dirac-Brueckner calculations one would expect that the
self-energies also depend on the energy and momentum
3of the nucleon in the medium. The central potential (1)
allows to quantify this effect in both relativistic and non-
relativistic models. Standard RMF models show a linear
increase of the central potential. Only models with ex-
plicit energy or momentum dependent self-energies show
a different result. In order to compare the energy or mo-
mentum dependence of (1) with empirical data it is com-
mon practice to compare the model predictions with the
optical potential in nuclear matter extracted from Dirac
phenomenology (DP) for elastic proton-nucleus scatter-
ing [46, 47]. In this approach scattering observables are
fitted to experimental data up to approx. 1 GeV kinetic
energy by varying the strength of the vector and scalar
self-energies (real and imaginary part) of the target. The
potential shape is described in simple parametrizations
[46, 47] or taken from microscopic descriptions [48]. In
DP the self-energies depend on the proton energy. The
derived Schro¨dinger-equivalent central potential, extrap-
olated to nuclear matter, exhibits a non-linear energy
dependence. At high energies a saturation of the op-
tical potential with a value around 50 MeV is observed.
(Imaginary contributions of the self-energies as extracted
from Dirac phenomenology have an almost negligible in-
fluence on the real part of the corresponding optical po-
tential. They enter only through the terms quadratic
in the self-energies in Eq. (1). These contributions al-
most cancel each other since they are of similar magni-
tude.) At low kinetic energies, the optical potential is
a nearly linear function of the energy. The self-energies
in DP itself show an almost linear energy dependence
for not too high energies. This observation and the ex-
perience from Dirac-Brueckner calculations motivates to
consider a phenomenological extension of standard rela-
tivistic models that generates energy or momentum de-
pendent self-energies already on the mean-field level.
Besides the relativistic effective (Dirac) mass m∗ there
are a number of other effective masses that have been
introduced in the literature. For a general overview of
definitions for effective masses in relativistic and non-
relativistic calculations see [49]. An important quantity
is the effective Landau mass
meff = p
dp
dE
(5)
that is related to the density of states ̺ = meffp/(2πh¯)
3
in nuclear matter. The Landau mass is easily calculated
from the dispersion relation
(E − Σ0)2 = (m− Σ)2 + p2 (6)
for a nucleon. In relativistic models without energy or
momentum dependent self-energies one obtains
meff = E − Σ0 =
√
(m∗)
2
+ p2F (7)
at the Fermi momentum pF . The relativistic effective
mass (3) cannot be adjusted arbitrarily if a reasonable de-
scription of the spin-orbit interaction in atomic nuclei is
required. In usual relativistic models we findm∗ ≈ 0.55m
and meff ≈ 0.62m > m∗ at the Fermi momentum but the
latter value is rather small. Comparing non-relativistic
Skyrme Hartree-Fock calculations for giant resonances in
the random phase approximation with experimental data
a value 0.78m for meff was extracted [50]. The low Lan-
dau mass in conventional RMF models indicates that the
level density at the Fermi energy is too small and single-
particle levels in finite nuclei are too much spreaded, a
well known result of detailed calculations.
Assuming an energy dependence of the self-energies,
the effective Landau mass is given by
meff = (E − Σ0)
(
1− dΣ0
dE
)
+ (m− Σ)dΣ
dE
. (8)
It is clear that the Landau mass can be adjusted more
freely if the model allows for energy dependent self ener-
gies. However, one can not expect that the density and
energy/momentum dependence of the Landau mass as
observed, e.g., in DB calculations can be well represented.
The result (8) is consistent with the non-relativistic form
meff = m
(
1− dV
dE
)
(9)
with an energy-dependent optical potential V taken from
(1) in the non-relativistic approximation.
There are attempts to cure the problem of the small
Landau mass and the related low density of levels in
relativistic models. In Ref. [51] a linear energy depen-
dence of the self-energies was introduced heuristically in
an energy window around the Fermi energy in order to
increase the effective (Landau) mass and the level den-
sity. However, the full self-consistency and the Lorentz
invariance of the RMF model are lost. In another ap-
proach the Landau mass meff was increased to the value
of 0.76m that was necessary to obtain reasonable β decay
half-lives [52]. Correspondingly, the Dirac effective mass
had to be increased by hand to m∗ = 0.67m destroying
the usually good description of the spin-orbit splittings
in nuclei without additional modifications of the density
functional. The authors were able to compensate this re-
duction of the scalar self-energy by introducing a rather
strong tensor interaction in the model but still retaining
a reasonable description of other properties.
Considering the above observations it is natural to ex-
tend the standard relativistic density functional in a way
that energy or momentum dependent self-energies ap-
pear in the Kohn-Sham equations. This will be a phe-
nomenological approach introducing new parameters in
the model that have to be fitted to properties of nuclear
matter and atomic nuclei. In Ref. [53] couplings of the
meson fields to derivatives of the nucleon field were in-
troduced in the Lagrangian density with the desired re-
sult. In this derivative coupling (DC) model additional
densities in the functional appear that were not consid-
ered before. It was possible to describe the experimen-
tally observed energy dependence of the optical potential
4by adjusting the relevant coupling constants but still re-
taining reasonable nuclear matter properties. There are,
however, some deficiencies of the approach. The density
dependence of the momentum dependence was different
for scalar and vector self-energies leading to problems
in extrapolations of the model to high densities. Since
the relativistic energy of the nucleon contains the rest
mass rather large contributions of the energy-dependent
part of the self-energy are required to show a sizable ef-
fect. Simultaneously, a large modification of the standard
energy-independent part of the self-energies was required.
An attempt to fit the parameters of the model to prop-
erties of finite nuclei proved to be very difficult.
Realizing the problems, this paper introduces a mod-
ification of the model in Ref. [53] combining the virtues
of the density-dependent approach for the coupling con-
stants with the momentum-dependent self-energies. In
Sec. II the basic Lagrangian density of the model with
density-dependent and derivative couplings (D3C) is in-
troduced and the field equations for nucleons, mesons and
the photon are derived. The relevant equations for nu-
cler matter and finite nuclei are presented in Sec. III. The
parametrization of the coupling functions and the fit of
the parameters to properties of finite nuclei are described
in Sec. IV. Results of the model for nuclear matter and
finite nuclei are discussed in Sec. V with a comparision
to conventional RMF models. Finally, in Sec. VI, con-
clusions and an outlook complete the paper.
II. LAGRANGIAN DENSITY AND FIELD
EQUATIONS
In the present approach the (symmetrized) Lagrangian
density assumes the form
L = 1
2
[
ψ¯ΓµiD
µψ + (iDµψ)Γµψ
]
− ψ¯ΓM∗ψ + Lm (10)
with the nucleon field ψ, the covariant derivative
iDµ = i∂µ − Γωωµ − Γρ~τ · ~ρµ − Γγ 1 + τ3
2
Aµ (11)
and the mass operator
M∗ = m− Γσσ − Γδ~τ · ~δ . (12)
The meson fields are denoted by σ, ωµ, ~δ, ~ρµ and the pho-
ton field by Aµ. For completeness all four combinations
from the alternatives scalar-vector and isoscalar-isovector
are included for the mesons. The quantities Γσ, Γω, Γδ,
Γρ and Γγ specify the coupling strenght of the mesons
and of the photon, respectively, to the nucleon. The el-
ements of the vector ~τ are the isospin matrices. The
contribution
Lm = 1
2
[
∂µσ∂µσ −m2σσ2 + ∂µ~δ · ∂µ~δ −m2δ~δ · ~δ(13)
−1
2
FµνFµν − 1
2
GµνGµν +m
2
ωω
µωµ
−1
2
~Hµν · ~Hµν +m2ρ~ρµ · ~ρµ
]
is the Lagrangian density for the free mesons with masses
mσ, mω, mδ, mρ, and the photon with the field tensors
Fµν = ∂µAν − ∂νAµ (14)
Gµν = ∂µων − ∂νωµ (15)
~Hµν = ∂µ~ρν − ∂ν~ρµ . (16)
In standard relativistic models the quantities Γµ and Γ
in Eq. (10) are the Dirac matrices γµ and the unit matrix,
respectively. In the present approach, they are given by
Γµ = γ
νgµν + γ
νYµν − gµνZν (17)
Γ = 1 + γµuνY
µν − uµZµ (18)
with the quantities
Y µν =
ΓV
m4
m2ωω
µων (19)
Zµ =
ΓS
m2
ωµσ (20)
that depend on the isoscalar σ and ω meson fields. An
extension of the approach to isovector fields is obvious.
The particular dependence on the meson fields is required
by the Lorentz structure in order to generate a linear
energy dependence of the scalar and vector self-energies
(see below). Furthermore, for both Y µν and Zµ a form
quadratic in the meson fields was chosen so that the den-
sity dependence of the energy dependence is similar for
both self-energies in contrast to the DC model [53]. ΓV
and ΓS represent the two additional couplings of the D
3C
model that can depend on the nucleon fields similar as
the quantities Γσ, Γω, Γδ, and Γρ in the minimal coupling
of the nucleon field to the meson fields. In Eqs. (17) and
(18) the metric tensor gµν = diag(1,−1,−1,−1) and the
four velocity uµ = jµ/̺v depending on the vector current
density jµ = ψ¯γµψ with the vector density ̺v =
√
jµjµ
appear. Combining the usual minimal meson-nucleon
couplings with the action of the quantities Γµ and Γ one
finds that terms with third powers in the meson fields
appear in the Lagrangian like in the non-linear models
with meson self interactions. But in the present approach
there are no free parameters for these individual terms
and they are all accompanied by nuclear fields. Sim-
ilarly to the standard relativistic models with density-
dependent couplings we assume that the couplings Γσ,
Γω, Γδ, and Γρ as well as ΓV and ΓS depend on the
vector density ̺v. In principle, one can also imagine a
dependence on other densities, e.g., the scalar density
̺s = ψ¯ψ. The explicit choice of the functional form will
be discussed in Sec. IV.
The Dirac equation, i.e. the Kohn-Sham equation, for
the nucleons in the D3C model
γµ (i∂µ − Σµ)ψ − (m− Σ)ψ = 0 (21)
5has the standard form of relativistic models with the vec-
tor self-energy
Σµ = vµ − Yµν (iDν −M∗uν) + ΣRµ (22)
and the scalar self-energy
Σ = s− Zµ (iDµ −M∗uµ) (23)
where
vµ = Γωωµ + Γρ~τ · ~ρµ + Γγ 1 + τ3
2
Aµ (24)
− i
2
∂λYµλ
and
s = Γσσ + Γδ~τ · ~δ − i
2
∂µZµ . (25)
The self-energies in the D3C model are differential opera-
tors that act on the nucleon field ψ. The momentum de-
pendence enters through the contributions proportional
to (iDµ −M∗uµ). The time component of this expres-
sion mimics the kinetic energy E −m when applied to a
plane wave in the absence of meson fields. This is in con-
trast to the DC model where only the iDµ term appears
[53].
The vector self-energy (22) contains the rearrangement
contribution
ΣRλ = uλ
[
Γ′ωωµJ
µ + Γ′ρ~ρµ · ~Jµ − Γ′σσPs − Γ′δ~δ · ~Ps (26)
−
(
tDνµ − uνjM
∗
µ
) Γ′V
ΓV
Y µν +
(
jDµ − uµ̺M
∗
s
) Γ′S
ΓS
Zµ
]
+
(
jM
∗
µ Y
µν − ̺M∗s Zν
) gνλ − uνuλ
̺v
with derivatives Γ′i = dΓi/d̺v (i = σ, ω, δ, ρ, V , S) and
densities
Jµ = ψ¯Γµψ ~Jµ = ψ¯Γµ~τψ (27)
Ps = ψ¯Γψ ~Ps = ψ¯Γ~τψ (28)
that replace the usual vector and scalar densities. Addi-
tionally, the densities
tDµν =
1
2
[
ψ¯γµiDνψ + (iDνψ)γµψ
]
(29)
jDµ =
1
2
[
ψ¯iDµψ + (iDµψ)ψ
]
(30)
jM
∗
µ = ψ¯γµM
∗ψ (31)
̺M
∗
s = ψ¯M
∗ψ (32)
appear in the rearrangement contribution (26). It is
slightly more complicated than in the standard density-
dependent (DD) models due to the occurence of the terms
with Yµν and Zµ. It simplifies considerably for stationary
systems. The kinetic densities (29) and (30) are different
from the derivatives iDνjµ and iDµ̺s of the vector cur-
rent jµ and scalar density ̺s. The former do not vanish
in homogeneous nuclear matter and give a finite contri-
bution.
From the Dirac equation (21) the continuity equations
∂µJµ = 0 and ∂
µ ~Jµ = 0 (33)
are derived. Correspondingly, J0 and ~J0 are the con-
served isoscalar and isovector baryon densities instead of
j0 = ̺v and ~0 = ψ¯γ0~τψ in standard RMF models.
In the D3C model the field equations of the mesons are
obtained as
∂µ∂
µσ +m2σσ + C˜µω
µ = ΓσPs (34)
∂νGνµ +m
2
ωω
νCµν − C˜µσ = ΓωJµ (35)
∂µ∂
µ~δ +m2δ
~δ = Γδ ~Ps (36)
∂ν ~Hνµ +m
2
ρ~̺µ = Γρ
~Jµ (37)
with
Cµν = gµν +
ΓV
m4
(
tDµν + t
D
νµ − uνjM
∗
µ − uµjM
∗
ν
)
(38)
and
C˜µ =
ΓS
m2
(
jDµ − uµ̺M
∗
s
)
. (39)
The source terms are given by simple products of the
density-dependent coupling functions Γσ, Γω, Γδ, Γρ, and
the densities (27) and (28). For ΓS 6= 0 there is a coupling
of the equations for the σ and ω field. Explicit terms with
ΓV appear only in the equation for the ω field due to the
factor Cµν . The field equation of the photon
∂νFνµ = ΓγJγµ (40)
has the usual form with the conserved charge current
density Jγµ = [Jµ + ( ~Jµ)3]/2.
III. STATIONARY SYSTEMS
The equations of motion for the nucleons, mesons and
the photon field simplify considerably if the nuclear sys-
tem possesses certain symmetries. E.g., in stationary
systems the meson fields are independent of time. For
nuclear matter and finite nuclei, it suffices to consider
only the time-like component of all four-vectors and the
third component of the isospin vectors. The conserved
baryon density
̺ = J0 = j0 (1 + Y00)− ̺sZ0 (41)
depends on the usual vector density j0 = ̺v and the stan-
dard scalar density ̺s. Similarly, the generalized scalar
density is given by the combination
Ps = ̺s (1− Z0) + j0Y00 (42)
6with the quantities
Y00 =
ΓV
m4
m2ωω
2
0 (43)
and
Z0 =
ΓS
m2
ω0σ . (44)
Corresponding equations hold for the isovector densities
~̺ = ~J0 and ~Ps. The self-energies in the Dirac equation
can be written as
Σ0 = V0 − Y00i∂0 (45)
and
Σ = S − Z0i∂0 (46)
with
V0 = v0 + Y00 (v0 +m− s) + ΣR0 (47)
and
S = s+ Z0 (v0 +m− s) (48)
where
v0 = Γωω0 + Γρ~τ · ~ρ0 + Γγ 1 + τ3
2
A0 (49)
and
s = Γσσ + Γδ~τ · ~δ (50)
with the rearrangement contribution
ΣR0 =
[
Γ′ωω0J
0 + Γ′ρ~ρ0 · ~J0 − Γ′σσPs − Γ′δ~δ · ~Ps (51)
−
(
tD00 − jM
∗
0
) Γ′V
ΓV
Y00 +
(
jD0 − ̺M
∗
s
) Γ′S
ΓS
Z0
]
.
The partial derivative i∂0 in (45) and (46) gives the
single-particle energy E when applied to a single-particle
state in nuclear matter or finite nuclei leading to an ex-
plicit energy dependence of the self-energies. Note that
the potentials v0, s, V0, S, and the self-energies Σ0 and
Σ are generally different for protons and neutrons.
A. Nuclear matter
Solutions of the Dirac equation are given by the plane-
wave states
ψ(~p, σ, τ) = u(~p, σ, τ) exp (−ipµxµ) (52)
for a nucleon with four momentum pµ = (E, ~p), energy
E > 0. The positive-energy four-spinor is denoted by
u(~p, σ, τ) with spin and isospin quantum numbers σ and
τ , respectively. The energy Eτ of a proton (τ = 1) or
neutron (τ = −1) with momentum p is found in the same
way as in Ref. [53] by replacing X00 with Y00, Y0 with
Z0, and settingW = 0 in the corresponding expressions..
It is given by
Eτ = (1 + Y00)
−1
(53)
×
[
V0τ +
1√
1−B2
(
AτB +
√
A2τ + p
2
)]
with the quantities
Aτ =
m− Sτ +BV0τ√
1−B2 (54)
and
B =
Z0
1 + Y00
. (55)
The energy density ε and the pressure p are calculated
from the energy-momentum tensor. We find
ε =
∑
τ
(
̺Eτ − ̺Msτ
)
+mPs (56)
+Γωω0J0 + Γρ~ρ0 · ~J0 − ΓσσPs − Γδ~δ · ~Ps
−1
2
[
m2ωω
2
0 +m
2
ρ~ρ
2
0 −m2σσ2 −m2δ~δ2
]
and
p =
1
3
∑
τ
(
̺Eτ − ̺Msτ
)
+ΣR0j0 (57)
+
1
2
[
m2ωω
2
0 +m
2
ρ~ρ
2
0 −m2σσ2 −m2δ~δ2
]
.
The densities ̺Eτ and ̺
M
sτ are calculated similarly as in
Ref. [53]. They are given by
̺Eτ =
2AτBI
τ
1 +A
2
τB
2Iτ2 + I
τ
3
π2(1 + Y00)(1 −B2)3/2
(58)
and
̺Msτ =
2AτBI
τ
1 +A
2
τ I
τ
2 +B
2Iτ3
π2(1 + Y00)(1 −B2)3/2
(59)
with the integrals
Iτ1 =
1
3
(
pFτ
)3
, (60)
Iτ2 =
1
2
[
pFτ E
F
τ −A2τ ln
pFτ + E
F
τ
Aτ
]
, (61)
Iτ3 =
3
4
EFτ I
τ
1 +
1
4
A2τ I
τ
2 , (62)
c.f. Ref. [53]. The Fermi momentum pFτ is determined
from ̺τ = I
τ
1 /π
2 by the proton and neutron densities.
The energy EFτ =
√
A2τ + (p
F
τ )
2
also depends on the
7quantity Aτ . The standard scalar and the vector den-
sities can be expressed as
̺sτ =
BIτ1 +Aτ I
τ
2
π2(1 + Y00)(1−B2)1/2 , (63)
j0τ =
Iτ1 +AτBI
τ
2
π2(1 + Y00)(1−B2)1/2
. (64)
We also need the kinetic densities
tD00 =
∑
τ ̺
E
τ
1 + Y00
(65)
and
jD0 =
∑
τ ̺
E
sτ
1 + Y00
(66)
with
̺Esτ =
Aτ (1 +B
2)Iτ1 +A
2
τBI
τ
2 +BI
τ
3
π2(1 + Y00)(1−B2)3/2 (67)
in the field equations of the mesons. In equation (57)
for the pressure p a rearrangement contribution appears
explicitly. It guarantees that the D3C model is ther-
modynamically consistent and the Hugenholtz-van Hove
theorem [54] holds as in the case of the DC and DD mod-
els.
B. Finite nuclei
The densities and fields in the ground state of finite nu-
clei do not vary with time but they depend on the spatial
coordinates. In the Hartree approximation the state of
the nucleus is described by a product of single-particle
states |φi〉 with single-particle energies εi (including the
rest mass m) that are solutions of the Dirac equation.
From the nucleon wave functions the various densities
are calculated by a summation over the contributions
from the individual nucleons. The meson fields are found
by solving the corresponding field equations with space-
dependent source terms with appropriate boundary con-
ditions.
The energy of an atomic nucleus in the D3C model is
given by
E =
∑
i
wiεi +
1
2
∫
d3r [(Γσ + 2Γ
′
σj0)σPs (68)
+ (Γδ + 2Γ
′
δj0)
~δ · ~Ps − (Γω + 2Γ′ωj0)ω0J0
− (Γρ + 2Γ′ρj0) ~ρ0 · ~J0 − ΓγA0Jγ0
]
+
∫
d3r
[(
tD00 − jM
∗
0
)(
1 +
Γ′V
ΓV
j0
)
Y00
−
(
jD0 − ̺M
∗
s
)(
1 +
Γ′S
ΓS
j0
)
Z0
]
with single-particle occupation numbers wi (in the
present case without pairing wi = 0 or 1, respectively).
Besides the usual rearrangement contributions due to the
density dependence of the nucleon-meson couplings Γσ,
Γδ, Γω, and Γρ, additional terms appear with the fields
Y00 and Z0 that contain derivatives of the couplings ΓV
and ΓS .
Here, we consider only spherical nuclei. The self-
consistent calculation of the spherical nuclei was per-
formed in coordinate space in an angular momentum ba-
sis with a discretization of the radial coordinate and a
mesh spacing of 0.1 fm using similar procedures as in
[41]. A correction of the Coulomb field was introduced
as in [41]. Because the translational symmetry in the cal-
culation is broken a c.m. correction has to be added to
the energy (68). It has been microscopically calculated
in the non-relativistic approximation
Ecm = −〈
~P 2〉
2mA
(69)
with the c.m. momentum ~P =
∑A
i=1 ~pi from the single-
particle wave functions [55]. Nuclear radii are also cor-
rected for the c.m. motion. In case of the charge dis-
tribution, corrections due to the c.m. motion and the
formfactors of protons and neutrons are considered in
the calculation of the charge formfactor [22, 23].
IV. PARAMETRIZATION
In order to calculate actual properties of nucler mat-
ter and atomic nuclei the parameters entering the La-
grangian have to be specified. For the mass of the nu-
cleon, the ω and the ρ meson the conventional values
m = 939 MeV, mω = 783 MeV and mρ = 763 MeV were
used. The mass of the σ meson mσ is treated as a free
parameter. The δ meson is neglected in the present work.
Except for the electromagnetic coupling constant Γγ , all
parameters in the coupling functions Γi and the mass
of the σ meson mσ were obtained from a fit to proper-
ties of the eight doubly magic spherical nuclei 16O, 24O,
40Ca, 48Ca, 56Ni, 100Sn, 132Sn, 208Pb that include nuclei
close to and far from the valley of stability. Other nuclei
were not considered because effects due to nucleon pair-
ing have to included explicitly in this case adding more
parameters in the fit.
There is no unique and generally accepted strategy for
the fitting procedure [56]. In the present χ2 fit of the pa-
rameters experimental data for binding energies, charge
radii, diffraction radii, surface thicknesses, and spin-orbit
splittings were taken into account [22, 23]. Furthermore,
it was required to reproduce the experimental value of
0.20(4) fm for the neutron skin thickness in 208Pb, i.e.
the difference rn−rp of the neutron and proton rms radii
[57]. In total there are 32 experimental data points used
in the fit.
For a comparison of the D3C model with standard
density-dependent models, a new parametrization for DD
models was derived under the same conditions in the fit
8as the D3C model with the same set of nuclei and experi-
mental data. In this fit the nuclear incompressibility was
fixed to K = 240 MeV as in the original model in Ref.
[41] where only nuclear binding energies were considered.
A fit without this constraint leads to unacceptably large
values of K ≈ 300 MeV.
The D3C model with momentum-dependent self-
energies contains two additional coupling functions, ΓV
and ΓS , as compared to usual DD models. They allow to
fit additional properties of the nuclear system under con-
sideration. Here, it was required that the optical poten-
tial (1) in symmetric nuclear matter at saturation density
assumes the value 50 MeV at a nucleon energy of 1 GeV,
a value that is typical for Dirac phenomenology [46, 47].
The density dependence of the coupling functions is
written as
Γi(̺v) = Γi(̺ref)fi(x) (70)
with the coupling constants Γi(̺ref) at a reference density
̺ref and suitable functions fi that depend on the ratio
x =
̺v
̺ref
(71)
with the vector density ̺v. Note that the vector density
in the D3C model is not identical with the baryon density
̺. In the DD model the reference density is just the
saturation density ̺sat of symmetric nuclear matter. The
reference density in the D3C model is different from ̺sat
but it corresponds to the vector density ̺v determined
at saturation of symmetric nuclear matter.
The functional form of fi(x) for the density dependence
of the σ, ω and ρ meson is assumed to be the same as
introduced in Ref. [41] and later used in the parametriza-
tions DD-ME1 [42], DD-ME2 [43], and PKDD [34]. For
the σ and ω meson it is given by the rational function
fi(x) = ai
1 + bi(x+ di)
2
1 + ci(x+ di)2
(72)
with constants ai, bi, ci, and di. In order to reduce the
number of free parameters it is required that the func-
tions fσ and fω obey the conditions fσ(1) = fω(1) = 1,
f ′σ(0) = f
′
ω(0) = 0, and f
′′
σ (1) = f
′′
ω(1). For the ρ meson
a simple exponential law
fρ(x) = exp [−aρ (x− 1)] (73)
is assumed with one free parameter aρ as in Ref. [41].
In the D3C model the quantities Y00 and Z0 are re-
sponsible for the energy dependence of the self-energies.
Assuming constant couplings ΓV and ΓS both Y00 and
Z0 show an approximate ̺
2 dependence at low densities
̺. This suggests to introduce the power law
fi(x) = x
−ai (74)
as the functional form in order to be able to arbitrarily
adjust the density dependence of the energy dependence.
TABLE I: Mass of the σ meson mσ, parameters of the cou-
pling functions and reference density ̺ref in the DD and D
3C
model.
DD D3C
mσ [MeV] 547.204590 556.986206
Γσ(̺ref) 10.685257 11.027474
aσ 1.371545 1.846341
bσ 0.644063 3.520730
cσ 1.034552 7.071799
dσ 0.567627 0.217107
Γω(̺ref) 13.312280 13.750549
aω 1.385567 2.004516
bω 0.521724 4.563703
cω 0.869983 9.864792
dω 0.618991 0.183821
Γρ(̺ref) 3.639023 3.917462
aρ 0.4987 0.4220
ΓV (̺ref) 0.0 302.188656
ΓS(̺ref) 0.0 -21.632122
̺ref [fm
−3] 0.148746 0.128941
In this work the parameters aV and aS are set to unity
because in this case the second integral in the energy
(68) of an atomic nucleus does not contribute and the
calculation is simplified.
In total there are ten free parameters in the D3C model
and eight in the DD model. Since several of the pa-
rameters are strongly correlated [56] it is convenient to
perform the fit not directly in all of these parameters
directly but to use saturation properties of symmetric
nuclear matter (see subsection VA) as independent vari-
ables in the fit and convert these quantities to the cou-
pling constants analytically. Considering the conditions
for the neutron skin thickness in 208Pb and the optical
potential, the minimum of χ2 has to be found in an eight-
(seven-) dimensional parameter space.
V. RESULTS
The actual values of the model parameters as deter-
mined in the fit are given in Table I. The main differ-
ence between the DD and the D3C model are the values
of the parameters ai, bi, ci, and di for i = σ, ω in the
functional form of the density dependence (72). This
corresponds to a much stronger increase of the σ and
ω coupling for ̺ → 0 in the D3C model as compared
to the DD parametrization. The density dependence of
the ρ meson, however, is smaller for D3C than for DD.
Obviously, the constants ΓV (̺ref) and ΓS(̺ref) are non-
vanishing only in the D3C model. Note that ΓV is more
than ten times larger than ΓS . Correspondingly, the en-
ergy dependence of the vector self-energy is much larger
than the energy dependence of the scalar self-energy in
9TABLE II: Contributions of nuclear properties with assumed
uncertainty in the χ2 fit of the model parameters and total
χ2 in the DD and D3C model.
property uncertainty DD D3C
binding energies 0.2 MeV 225.2 168.4
charge radii 0.01 fm 44.9 32.4
diffraction radii 0.01 fm 74.7 53.3
surface thicknesses 0.005 fm 15.0 23.0
spin-orbit splittings 0.2 MeV 95.4 60.3
total 455.3 337.4
the present parametrization of the D3C model. The neg-
ative sign of ΓS(̺ref) indicates that the scalar self-energy
rises weakly with the energy of the nucleon. In con-
trast the vector self-energy decreases much more strongly.
From Dirac phenomenology [46, 47] one would expect
that both the scalar and the vector self-energy decrease
at larger nucleon energies. However, by calculating the
momentum-dependent contributions to the self-energies
from the Fock terms considering one-pion exchange (that
is not included in conventional RMF models), an oppo-
site energy dependence of the self-energies is expected
[58] with an increase of the scalar self-energy and a de-
crease of the vector self-energy. The result of the D3C
model lies between these two cases.
In Table II the contributions to the total χ2 by the
various nuclear properties in the fit of the parameters
are given for the DD and D3C model, respectively. In
both cases the error in the binding energies contributes
approximately one half to the total χ2. The D3C model
gives a better description of all properties except for the
surface thickness with a small increase of the correspond-
ing partial χ2. The total χ2 of the D3C model is about
27 % smaller than in the DD model. This represents a
considerable improvement in the description of the ex-
perimental data. More details for finite nuclei will be
discussed in subsection VB.
A. Nuclear matter
The equation of state (EOS) of symmetric nuclear mat-
ter, i.e. the binding energy per nucleon as a function of
the density ̺, is depicted in Figure 1. The EOS in the
D3C model and the DD model are compared to the result
for the nonlinear NL3 parametrization [32] that is widely
used in RMF calculations with considerable success. All
three curves are very similar below a density of approx-
imately 0.2 fm−3. At high densities there is a noticable
difference. The parametrization NL3 leads to the stiffest
EOS and the DD model has the softest EOS with the
D3C curve lying in between.
A more quantitative comparison of the models is pro-
vided by examining the characteristic constants in the
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FIG. 1: Equation of state for symmetric nuclear matter in
various parametrizations.
expansion of the binding energy per nucleon
E
A
= aV +
K∞
18
ǫ2 − K
′
162
ǫ3 + . . . (75)
+δ2
(
J +
L
3
ǫ +
Ksym
18
ǫ2 + . . .
)
in nuclear matter near saturation [59, 63]. The deviation
of the density from saturation is quantified by
ǫ =
̺− ̺sat
̺sat
(76)
and the neutron-proton asymmetry is given by
δ =
̺n − ̺n
̺n + ̺p
. (77)
In symmetric nuclear matter, i.e. δ = 0, the binding en-
ergy at saturation aV , the incompressibility K∞, and
the derivative K ′ of the incompressibility determine the
form of the EOS. For asymmetric nuclear matter, also
the symmetry energy J , the derivative L of the symme-
try energy, and the symmetry incompressibility Ksym are
important. The values of these quantities for the three
models NL3, DD, and D3C are given in Table III. A de-
tailed comparison shows that there are major differences
between the parametrizations. The D3C model has the
softest EOS near saturation (K∞) but at higher densi-
ties is becomes stiffer than the DD model because of the
large negative K ′. The saturation density is larger than
in the DD and NL3 models where the latter model also
has a rather strong binding.
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TABLE III: Properties of symmetric nuclear matter at satu-
ration in various models.
NL3 DD D3C
̺sat [fm
−3] 0.1482 0.1487 0.1510
aV [MeV] -16.240 -16.021 -15.981
K∞ [MeV] 271.5 240.0 232.5
K′ [MeV] -203.0 -134.6 -716.8
J [MeV] 37.4 31.6 31.9
L [MeV] 118.5 56.0 59.3
Ksym [MeV] 100.9 -95.3 -74.7
m∗/m 0.596 0.565 0.541
meff/m 0.655 0.628 0.710
Vcen(1 GeV) [MeV] 282.2 310.0 50.0
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FIG. 2: Symmetry energy J in symmetric nuclear matter as a
function of the nucleon density ̺ in various parametrizations.
The symmetry energy J and the derivative L are con-
siderably smaller in the D3C and the DD model than
in the NL3 parametrization. This is due to the density
dependence of the ρ meson coupling. The actual values
are determined by the fit of the neutron skin thickness
in 208Pb. The differences in L corresponds to a rather
strong deviation in the density dependence of the sym-
metry energy that is shown in Figure 2. In the NL3
model the symmetry energy rises almost linearly with
the density. In contrast, the DD and D3C model exhibit
a considerable flattening. This behavior is also reflected
in the EOS for neutron matter as presented in Figure
3. Here, the NL3 model shows a very stiff EOS. The
shape of the neutron EOS in this model also differs at
low densities from the results in the DD and D3C model
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FIG. 3: Equation of state for neutron matter in various
parametrizations.
that display very similar results for neutron matter. It is
worth noting that the symmetry energy and the neutron
EOS in the three models are rather similar at a density
near 0.1 fm−3. This value is approximately the neutron
density in heavy atomic nuclei. It would be rewarding to
study the effects of the different equations of state on the
properties of neutron stars but this is beyond the scope
of the present work.
Besides the parameters characterizing the EOS, also
the Dirac mass m∗ and the Landau mass meff (at the
Fermi momentum) are of great interest. The values of
these quantities for saturated symmetric nuclear matter
are also given in Table III. The D3C model has the small-
est value for m∗ even below that of the DD model but
the Landau mass of 0.710 nucleon masses is the largest
of the three models. The χ2 of the fit is actually not very
sensitive to a change in the Landau mass. In principle
it is possible to adjust meff to even larger values at the
Fermi surface in saturated symmetric nuclear matter in
the D3C model.
The density dependence of m∗ and meff in symmet-
ric nuclear matter is shown in Figure 4. The relativis-
tic effective mass drops strongly with increasing density.
At low densities the D3C model is similar to the DD
model whereas at high densities it follows more closely
the NL3 model. At low densities the Landau mass de-
creases like the relativistic effective mass with increas-
ing density. However, at higher densities an increase is
observed that is easily explained considering the depen-
dence on the Fermi momentum in equations (8) and (7).
In the D3C model this increase is very pronounced and
the absolute values of meff are much larger than in the
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FIG. 4: Relativistic effective mass m∗ (a) and effective Lan-
dau mass meff at the Fermi momentum (b) in units of the
nucleon mass m in symmetric nuclear matter as a function of
the density in various parametrizations.
other parametrizations that are representative for stan-
dard RMFmodels. Correspondingly, the density of states
at the Fermi surface in the D3C model is considerably
higher than that in other RMF models. From the expe-
rience in the fitting of the parameters it is found that the
requirement of a larger Landau mass at saturation than
in the present D3C model leads to an even softer equation
of state for symmetric nuclear matter if one also demands
an optical potential of 50 MeV at 1 GeV kinetic nucleon
energy. Thus, this last condition should be relaxed in a
more extensive parameter fit.
Another major advantage of the D3C model is the
possibility for a very reasonable description of the
Schro¨dinger-equivalent central opical potential as de-
picted in Figure 5. At low kinetic energies of the nucleon
it rises nearly linearly as the empirical optical potential of
nuclear matter extracted from Dirac phenomenology for
elastic proton-nucleus scattering [46, 47]. At higher nu-
cleon energies it shows a similar saturation with reason-
able absolute values. In standard RMF models like NL3
and DD without momentum-dependent self-energies the
optical potential rises linearly with the nucleon energy. It
approaches unrealistically high values around 300 MeV
at 1 GeV kinetic energy (see also Table III). Because the
optical potential in the D3C model is a quadratic func-
tion of the nucleon energy, it will ultimately decrease at
higher energies und become unrealistic. However, this
behavior is not relevant for most applications, e.g. finite
nuclei or high-density nuclear matter, because the rele-
vant Fermi momenta and corresponding nucleon energies
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FIG. 5: Schro¨dinger-equivalent central optical potential Vcen
in symmetric nuclear matter as a function of the nucleon ki-
netic energy Ekin = E − m in various parametrizations and
from Dirac phenomenology (DP) of elastic proton-nucleus
scattering [46, 47].
TABLE IV: Total binding energies (in MeV) of the eight fit
nuclei in the experiment [64] and in the models DD and D3C.
Nucleus Exp. DD D3C
16O -127.619 -128.064 -127.040
24O -168.382 -169.114 -169.178
40Ca -342.052 -342.505 -342.581
48Ca -415.990 -414.876 -415.047
56Ni -483.992 -481.924 -482.486
100Sn -824.794 -826.255 -826.079
132Sn -1102.851 -1103.359 -1103.478
208Pb -1636.430 -1636.030 -1635.893
are still small enough in these cases.
B. Finite nuclei
From Table II it was already seen that the D3C model
improves the description of various properties of finite nu-
clei as compared to the DD model demanding the same
conditions in the fit. In Table IV the experimental bind-
ing energies [64] of the nuclei that were considered in the
fit are compared with the results of the DD and the D3C
model. In general, there is a good reproduction of the
experimental data. The absolute root-mean square devi-
ation from the experiment is 1.06 MeV and 0.92 MeV,
12
2.0
3.0
4.0
5.0
6.0
7.0
ch
ar
ge
 ra
di
us
 [f
m]
experiment
DD model
D3C model
2.0
3.0
4.0
5.0
6.0
7.0
di
ffr
ac
tio
n 
ra
di
us
 [f
m]
16O 24O 40Ca 48Ca 56Ni 100Sn 132Sn 208Pb
nucleus
0.8
0.9
1.0
su
rfa
ce
 th
ic
kn
es
s [
fm
]
(a)
(b)
(c)
FIG. 6: Charge radius (a), diffraction radius (b), and surface
thickness (c) of the fit nuclei in the DD model (blue diamonds)
and in the D3C model (red squares) compared with data from
the experiment (solid black dots) [65, 66].
respectively. These values are still larger than corre-
sponding numbers from dedicated fits to masses with rms
deviations in the order of a few hundred keV, see, e.g.,
[60, 61, 62]. For a fair comparison one has to bear in
mind that the RMF parametrizations in this work are
not just mass models. They are constructed in order to
describe a large number of different properties of nuclei
and nuclear matter. Furthermore, a valid comparison is
only possible when a larger set of (also deformed) nuclei
is taken into account. However, this requires a correction
for the rotational energy and a reasonable description of
pairing effects that is left for future investigations.
The characteristic parameters of the nuclear shape and
of the charge form factor, respectively, i.e. the charge
radius, the diffraction radius, and the surface thickness
[22, 23], are compared to experimental data [65, 66]
in Figure 6. Both the DD model and the D3C model
agree very well with the available experimental data. At
the same time the difference between the models is very
small. They show the same trend for the radii and for
the surface thickness. The largest deviation from exper-
iment is found for the surface thickness of 16O, a light
nucleus that is not expected to be described very well in
a mean-field model.
The last quantity that was considered in the fit is the
spin-orbit splitting of proton and neutron single-particle
TABLE V: Spin-orbit splitting (in MeV) of neutron (ν) and
proton (π) levels in the experiment and in the models DD and
D3C.
Nucleus State Exp. DD D3C
16O ν0p 6.18 6.761 6.278
π0p 6.32 6.695 6.218
48Ca ν0f 8.39 7.961 7.623
ν1p 2.03 1.512 1.585
56Ni ν0f 7.16 8.568 8.369
ν1p 1.12 1.445 1.335
132Sn π1d 1.74 1.996 1.786
π0g 6.09 6.563 6.171
208Pb ν2p 0.90 0.917 0.879
π1d 1.33 1.834 1.615
π0h 5.56 6.063 5.642
energies of levels with the same principal quantum num-
ber and the same orbital angular momentum. In Table V
the results in the DD model and the D3C model are com-
pared to experimental data for levels close to the Fermi
surface. It is found that the spin-orbit splittings of the
D3C model improves the description in most cases when
compared to the DD model. This is possible because
the relativistic effective mass m∗ in the former model is
even smaller than in the latter model. At the same time,
the Landau mass meff in the D
3C model is considerably
larger than in the DD model. Correspondingly, the level
density of the D3C model is higher. This compression
of the spectrum is easily seen when the distribution of
single-particle levels is compared for the three heaviest
nuclei in the fit in Figure 7. Levels below the Fermi en-
ergy are shifted to higher energies and levels above the
Fermi energy become more strongly bound.
VI. CONCLUSIONS AND OUTLOOK
In this work the conventional relativistic mean-field
model with density-dependent nucleon-meson couplings
was extended by introducing a particular form of cou-
plings between the isoscalar meson fields and derivatives
of the nucleon fields. This approach leads to a linear mo-
mentum dependence of the scalar and vector self-energies
in the Dirac equation for the nucleon. The parameters
of the model were determined by a fit to properties of fi-
nite nuclei. It was possible to improve the description of
binding energies, nuclear shapes and spin-orbit splittings
of single-particle levels. The characteristic parameters of
nuclear matter in the D3C model are shifted closer to
the values of non-relativistic Skyrme Hartree-Fock mod-
els [67]. Most noticable was the increase of the effective
Landau mass and, correspondingly, the level density at
the Fermi surface as compared to standard RMF mod-
els. At the same time, the momentum dependence of the
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FIG. 7: Neutron (ν) and proton (π) single particle energies
for (a) 100Sn, (b) 132Sn, and (c) 208Pb in the DD (blue lines,
left) and D3C (red lines, right) model. The position of the
shell closure is denoted by open circles.
self-energies leads to a Schro¨dinger-equivalent optical po-
tential in symmetric nuclear matter that follows closely
the empirical data whereas standard RMF models fail.
The introduction of couplings of the meson fields to
derivaties of the nucleon field is a purely phenomenolog-
ical approach. The goal was to investige possible exten-
sions of the RMF model and their effect on various quan-
tities in nuclear matter and finite nuclei. The origin or
the underlying mechanism of the additional couplings is
not really relevant in the present context. They are seen
only as an effective way to introduce some desired effects
in the spirit of density-functional theory. This approach
can be compared with the medium dependence that can
be parametrized in relativistic mean field models by self-
interactions of the meson fields in non-linear models, by
density dependent couplings, or even by density depen-
dent meson masses. These approaches are more or less
equivalent when the final results for properties of nuclei
are compared, however the underlying mechanisms are
quite different.
In principle, of course, one could go beyond the mean
field model and discuss in a systematic diagrammatic ex-
pansion modifications of the self energies. But this was
not the topic of the work. In the present paper, I wanted
to stay on a purely phenemenological level in a simple
self-consistent approach that has all the necessary fea-
tures that make it possible to apply the model in practical
calculations with reasonable effort to nuclear matter and
finite nuclei. The results show that the approach works
surprisingly well. The modification of the Lagrangian
density can be discussed and treated without reference
to more fundamental mechanisms that could generate the
corresponding terms.
The density dependence of the momentum dependence
is determined in the present model by the choice of the
parameters aV and aS in Eq. (74). Other values than
aV = aS = 1 as in the present model should be consid-
ered. A fit of the model parameters by fixing the Landau
mass at the Fermi momentum but varying the absolute
value of the Schro¨dinger-equivalent optical potential is
conceivable. The parameter space can be explored more
thoroughly allowing for a simultaneous variation of the
optical potential and of the Landau mass. The study of
deformed nuclei is a further test of the model. However,
it will require a larger computational effort and the con-
sideration of pairing effects. It will give more insight into
the quality of the description. Applications to neutron
stars and to simulations of heavy-ion collisions are also
possible. Extensions of the model to introduce an addi-
tional isospin dependence of the momentum dependence
are obvious.
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